In agreement with the observations of other investigators (e.g. Funch, Krogh & Dam, 1960) , Moore & Kon (1963) and Moore & Williams (1964) found that rabbits given for 9 or 10 months a diet containing 20% butterfat but no added cholesterol developed extensive aortic atherosis, whereas rabbits given for a similar period a diet containing 20% maize oil did not. The levels of plasma cholesterol of the rabbits given the 20% butterfat diet were four to five times higher than those of the rabbits given the 20 % maize-oil diet. Thus, although the results with the animals given these two high-fat diets certainly appeared to lend support to the view that atheromatous degeneration is associated with high levels of cholesterol in the blood, the findings with groups of rabbits given various other diets indicated that the relationship between the level of cholesterol in the blood and atheromatous degeneration of the aorta, if indeed such a relationship exists, was by no means a simple one. For instance, it was discovered (Moore & Williams, 1964) that rabbits given a high-starch diet containing no added cholesterol and virtually no saturated fat developed aortic atherosis as severe as that in animals given the 20% butterfat diet, yet the plasma cholesterol levels of the rabbits given the high-starch diet were only moderately elevated. Moreover, rabbits given a diet containing 10% butterfat and 10% maize oil developed only slight aortic atherosis in spite of the fact that their level of plasma cholesterol was almost identical with that of rabbits given the high-starch diet. In general, therefore, it was evident that there was no direct relationship between the degree of hypercholesterolaemia and the extent of aortic atherosis in the experimental rabbit. On the other hand, it was conceivable that the incidence of atheromatous degeneration was related to the presence of abnormally high or low concentrations of certain other lipid components of the plasma. To investigate this possibility, the final blood samples taken from each of the experimental rabbits (Moore & Williams, 1964) were analysed for the major lipid groups and an attempt was made to correlate the analytical results with the severity of the aortic lesions. The findings of this investigation are now reported.
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Expt I . Forty male Kew Zealand white rabbits, 6 months of age at the beginning of the experiment, were divided into five groups of eight each. The animals were housed in individual cages and were given food and water ad lib. T o 80 parts of a semi-purified basal diet (Moore & Williams, 1964) were added: for group I , 20 parts maize oil; for group 2, 24 parts butter (equivalent to 20 parts butterfat); for group 3, 20 parts butterfat; for group 4, 20 parts hydrogenated coconut oil; and for group 5 , I part maize oil and 41.9 parts wheat starch. Since it was assumed that butterfat and maize oil contained 2.4 and 48.0% linoleic acid respectively, the diets given to the rabbits of groups 3 and 5 should have contained the same amount of linoleic acid per kcal gross energy. However, the assumed values for the linoleic acid content of these two dietary fats were found later to be incorrect and the necessary modifications were made in Expt 2. The rabbits were given the experimental diets for 30 weeks. At the end of this period a large sample of blood (approximately 50 ml) was taken from the marginal ear vein of each rabbit. All blood samples were collected in heparinized tubes. The rabbits were then killed by a blow on the head and as rapidly as possible thereafter the whole of the aorta was removed from each rabbit. The aortas were fixed in 4% (w/v) formaldehyde in o 9% (w/v) Expt 2. Eighty-four male New Zealand x Lop Ear rabbits, 4 months of age at the beginning of the experiment, were divided into six groups of fourteen each. The animals were again housed in individual cages and were given food and water ad lib. To 80 parts of the semi-purified basal diet were added: .:or group I , 20 parts maize oil; for group 2,20 parts butterfat; for group 3, 10 parts rraize oil and 10 parts butterfat; for group 4, 0'47 parts maize oil and 43.1 parts wheat starch; and for group 5, 10 .2 parts maize oil and 21.6 parts wheat starch. Gas chromatographic analysis had shown that the percentage of linoleic acid in the maize oil and butterfat used in these experiments was 53'0 and 1-26 respectively. Therefore the diets given to the rabbits of groups 2 and 4 contained the same amounts of linoleic acid per kcal gross energy; so did the diets given to the rabbits of groups 3 and 5. The animals in group 6 were given an ordinary commercial rabbit diet. The experimental and commercial diets were given to the rabbits for a period of 36 weeks after which a large sample of blood was taken from the marginal ear vein of each rabbit. The rabbits were then killed and the aortas were removed and treated as in Expt I. The degree of atheromatous degeneration of the intimal surface was determined as described by Moore & Williams (1964) .
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Plasma lipids and atherosis in the rabbit 433 residues were rapidly taken up in chloroform, filtered and then stored in chloroformmethanol (2: I, v/v) in a cold room. AR; Mallinckrodt Chemical Works) was activated and washed as described previously (Moore & Doran, 1962) . The columns were prepared from a suspension of the silicic acid in hexane and measured 70 mm x 6 mm when packed under nitrogen at a pressure of 1o1b/in2. The chromatographic separations were carried out in an Expt 2) on a I g column of silicic acid. The column eluate was collected in 5 ml fractions. Column load: 0 , Liebermann-Burchard-reacting lipids; 0, glycerolcontaining lipids.
mg of lipid.
apparatus similar to that devised by Lis, Tinoco & Okey (1961) with the exception that a sintered-glass plate was fused to the base of each column and that all connexions were of standard ground-glass joints. Samples of about 20 mg lipid dissolved in small volumes of hexane were placed on the columns and the various fractions were eluted under a positive pressure of nitrogen at 10 lb/in2. As an example of the efficiency of separation that may be obtained with these micro-columns the chromatography of the plasma lipids of a rabbit given the diet containing 20% butterfat (group 2, Expt 2) is illustrated in Fig. I fractions accounted for only about 2.8 and 0.8% respectively of the total plasma glyceride (see Fig. I ) it did not seem profitable as a routine procedure to analyse the three glyceride fractions separately. The fractions containing triglyceride, diglyceride with free cholesterol, and monoglyceride (see Fig. I ) were therefore combined before the determination of glyceride glycerol and cholesterol. T o prepare phospholipid-free extracts necessary for the titration of unesterified fatty acids, lipid samples in small volumes of chloroform were placed on I g columns of silicic acid and were then eluted with an excess of chloroform. Under these conditions the phospholipids remained on the column but the other lipids, including the unesterified fatty acids, passed into the eluate. The efficiency of the separations of the lipid fractions on the columns of silicic acid was continually checked by chromatography of portions of each fraction on thin layer chromatoplates of Silica Gel G (Mangold, 1961 ) with a solvent system of light petroleum (boiling range 40-60°)-diethyl ether (90: 10, v/v).
Methods of analysis.
The total lipid contents of the extracts were determined gravimetrically. T h e various fractions obtained from the columns of silicic acid were analysed for glyceride glycerol, cholesterol, phosphorus and unesterified fatty acids by the methods described previously (Moore, 1962; Moore & Doran, 1962 ; Moore st Williams, 1963) . Weights of cholesterol ester and unesterified fatty acids were calculated in terms of oleic acid. No correction was made for the presence of small amounts of di-and mono-glycerides and the total glyceride glycerol values were arbitrarily converted into weights of triolein. For convenience, this fraction is referred to as the triglyceride fraction throughout the remainder of this paper. Weights of phospholipid were obtained by multiplying the phosphorus values by 25 (Wittcoff, Statistical analysis. From a preliminary examination of the results it was evident that the standard deviation between animals within a diet group tended to be proportional to the diet group mean. Consequently all observations were transformed to logarithms in order to reduce heterogeneity among the within-group variances. The tests of significance summarized in Tables I and 2 refer to differences between mean logarithmic values of each diet group. These mem logarithmic values are presented in Tables I and 2 by their antilogarithms which are the geometric means of each diet. Arithmetic means of the untransformed values are also given; they agree roughly with the geometric means which are invariably smaller. The tests of significance are based on the multiple-range test (Duncan, 1955) as modified for unequal numbers of replications (Kramer, 1956) . The I % level of significance was accepted as indicating a real biological difference.
'95').
R E S U L T S A N D D I S C U S S I O N
The effect of diet on plasma lipid composition Expt I ( Table I ) . The levels of the various lipid components in the plasma of the rabbits given the diet containing hydrogenated coconut oil (group 4) were far greater than the corresponding levels in the plasma of the rabbits in groups I, 2, 3 and 5. It seems likely, however, that these extremely high levels of lipid were present in the
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Certain of the animals died during the experiment. The numbers at the end of the experiment (hydrogenated coconut-oil diet), group 5 (low-fat, high-starch diet).
were: group I , 8; groupz, 7; group 3, 6; group 4, 6; g o u p 5 , 6. 
0'05439
Group I (20 "/o maize oil diet), group 2 (20 : / o butterfat diet), group 3 (10 %, maize-oil, 10 % butterfat diet), group 4 (low-fat, high-starch diet), group 5 (10 "/o maize-sil, starch diet), group 6 (commercial diet).
Certain of the animals died during the experiment. The numbers at the end of the experiment were: group I, 1 2 ; group 2, 13; group 3, 13; group 4, 12; group 5, 10; group 6, 12
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Plasm lipids and atherosis in the rabbit 437 plasma of the rabbits in group 4 only during the last 10 weeks of the feeding period (Moore & Williams, 1964) . There was no significant difference between the concentrations of the various plasma lipids in the rabbits given the diet containing butter (group 2) and those in the rabbits given the diet containing butterfat (group 3).
Although the levels of total lipid, phospholipid and free and esterified cholesterol in the plasma of the rabbits in groups 2 and 3 were significantly higher than the levels of these lipids in the plasma of the rabbits given the high-starch diet (group 5), there were no significant differences in the levels of triglyceride in the plasma of the rabbits in groups 2,3 and 5 and there was no significant difference in the levels of unesterified fatty acids in the plasma of the rabbits in groups 2 and 5. The concentration of total lipid in the plasma of the rabbits given the high-starch diet (group 5 ) was significantly higher than the corresponding value for the rabbits given the diet containing 20 % maize oil (group I) but this difference seemed to be due mainly to the higher levels of free and esterified cholesterol in the plasma of the rabbits in group 5. The levels of triglyceride, phospholipid and unesterified fatty acids in the plasma of the rabbits given the high-starch diet (group 5 ) did not differ significantly from the levels of these lipids in the plasma of the rabbits in group I .
Expt 2 ( Table 2 ) . The concentrations of the various lipid fractions in the plasma of the rabbits in groups I (20% maize-oil diet), 5 (10% maize-oil-starch diet) and 6 (commercial diet) were all very similar, although in group 5 the concentration of esterified cholesterol in the plasma was significantly higher than that in the plasma of the rabbits in group I . The highest levels of total lipid and free and esterified cholesterol in the plasma were observed in the rabbits of group 2 given the diet containing 20% butterfat. Nevertheless, the levels of phospholipid, triglyceride and unesterified fatty acids in the plasma of the rabbits in group 2 were not significantly different from the corresponding levels in the plasma of the rabbits in group 3 given the diet containing 1 0 % maize oil and 10% butterfat. It should be noted that although the concentration .of cholesterol in the plasma was the same in the rabbits of groups 3 and 4, the concentration of plasma phospholipid in the rabbits of group 3 was about twice that found in the rabbits of group 4. The level of triglyceride in the plasma was not influenced significantly by the various dietary treatments. The results obtained for the rabbits given the 20 % maize-oil diet, the 20 % butterfat diet and the high-starch diet in Expt 2 ( Table 2) were very similar to those obtained for the rabbits given the same .diets in Expt I ( Table I) .
Thus these findings on the effect of diet on the levels of the various plasma lipids in the rabbits of Expts I and 2 are in general agreement with the findings of Wigand (1959) for the serum lipids of rabbits that had been given diets containing 8 % maize .oil, 8% butterfat or 8% hydrogenated coconut oil for periods of 15 or 18 weeks. However, in the experiments of Wigand (1959) the absolute levels of lipid in the serum of the rabbits given diets containing 8 % butterfat or 8 % hydrogenated coconut oil were considerably higher than the levels of lipid found by us in the plasma of rabbits given diets containing 20 % butterfat or 20 % hydrogenated coconut oil. As discussed previously (Moore &Williams, 1964) an explanation of this disparity may be found in the differences in the composition of the basal diets used by Wigand (1959) and ourselves.
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Relationship between plasma lipid composition and the degree of aortic atherosis Considering the possible connexions between certain abnormalities in the composition of blood lipids and cardiovascular disease in man it would seem appropriate now to examine in some detail the relationship between the concentration of the various lipid components in the plasma and the degree of aortic atherosis in the individual rabbits of Expt 2, the experiment in which the severity of the aortic lesions was quantitatively assessed in arbitrary units from o to 80 (Moore & Williams, 1964) . T h e mean degrees of aortic atherosis for the rabbits in the six groups of Expt 2 are given in Table 3 . I n Expt I the aortas were graded merely into the four categories described by Wigand (1959) and Moore & Williams (1964). Total lipid. Before dealing specifically with individual plasma lipids, it is perhaps well to consider the relationship between the degree of aortic atherosis and the concentration of total lipid in the plasma of the rabbits in Expt 2. As may be seen from Fig. 2 , there was no simple correlation, but it would seem that, although severe atherosis was rarely observed when the total lipid level:; were less than about 230 mg/ IOO ml plasma, extremely high levels of total lipid in the plasma were frequently associated with little or no atherosis. It should also be pointed out that there was no apparent correlation between the severity of atherosis and the degree of visible lipaemia of the plasmas. For instance, in both experiments, plasma exhibiting a pronounced lipaemia was invariably obtained from the rabbits given the diets containing 20 yo butterfat, but little or no lipaemia was observed i:i the plasma obtained from the rabbits given the high-starch diets.
Cholesterol. During the last 30 years or so there hzs been intensive discussion on the possible existence of a relationship between hypercholesterolaemia and cardiovascular disease in man and the subject has been reviewed in detail by many authorities (e.g. Hirsch & Weinhouse, 1943; Kritchevsky 19 j8; Kinsell, 1963) . Although the weight of opinion is in favour of the view that hypercholesterolaemia predisposes to atherosclerosis in man, there is by no means complete agreement. For instance it is extremely difficult to disregard the work of Lande & Sperry (1936) who were unable to find any correlation between blood cholesterol level and the degree of atherosclerosis or the amount of lipid deposited in the aortas of a large number of persons who had
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Plasma lipids and atherosis in the rabbit 439 met violent deaths. As so appositely pointed out by Kritchevsky (1958) 'the literature relating to atherosclerosis is so extensive that it is possible to find conflicting views on practically every aspect of the disease'. The results presented in Tables z and 3 show quite clearly that there was no direct relationship between the degree of aortic atherosis and the level of total cholesterol in the plasma of the rabbits in Expt 2. However, it seemed possible that a more justifiable comparison might be obtained if the two distinct forms of plasma cholesterol were considered separately. I n Figs. 3 and 4 the levels of free and esterified cholesterol in the plasma of the individual rabbits in Expt z are plotted against the degrees of aortic atherosis. In neither is the relationship very striking, although it would seem that a degree of atherosis greater than 15 arbitrary units rarely occurred when the levels of free or esterified cholesterol were less than about 30 mg/Ioo ml plasma. On the other hand, high levels of both free and esterified cholesterol in the plasma were frequently associated with very low degrees of aortic atherosis. The absence of any simple correlation between the degree of atheromatous degeneration of the aorta and blood cholesterol levels in the rabbits of Expt 2 is in agreement with the findings of Funch, Kristensen & Dam (1962) also with rabbits given diets containing no added cholesterol. Funch et al. (1962) observed high levels of serum cholesterol and severe atherosis in the thoracic aortas of rabbits given for 38 weeks a diet containing 207& butterfat. Replacement of 40% of the butterfat by maize oil did not change the serum cholesterol levels but reduced by a factor of 5 the degree of atherosis in the thoracic aorta. With animals given diets supplemented with cholesterol, however, various investigators have reported striking correlations between blood cholesterol levels and degrees of atheromatous degeneration of the aorta. For instance, Cuth- Elcoate, Ireland, Mills & Shearley (1959) found a linear relationship between serum cholesterol level and the degree of aortic athcrosis in groups of rats given diets containing 2% cholesterol. Gottenbos & Thomasson (1961) observed that the degree of aortic atherosis increased with serum cholesterol levels in groups of rabbits given diets containing 0.04, 0.08 or 0.16 yo cholesterol. Nevertheless, Gottenbos & Thomasson (1961) did note that the serum cholesterol levels of rabbits given for 52 weeks a diet containing coconut oil but no added cholesterol were higher, but the 
Plasma lipids and atherosis in the rabbit 4 4 ' degree of aortic atherosis was lower, than for rabbits given for a similar period a diet containing 0.08 % cholesterol but no coconut oil.
Triglyceride. (1961) . The results of these studies have been reviewed by Albrink (1962) who concluded that coronary heart disease in man is accompanied more frequently by elevated levels of triglyceride than by elevated levels of cholesterol in the blood. It has been shown that a low-fat, high-carbohydrate diet in man is associated with much higher levels of plasma triglyceride than is a diet in which part of the dietary carbohydrate has been replaced by an isocaloric amount of fat (Ahrens, Hirsch, I n d l & Peterson, 1958; Kinsell, 1963) . Moore & Kon (1963) and Moore & Williams (1964) reported that rabbits given a low-fat, high-carbohydrate diet developed severe aortic atherosis but only a moderate degree of hypercholesterolaemia. In view of the findings with man, therefore, it seemed tempting to speculate that elevated levels of triglyceride would be found in the plasma of these animals (group j, Expt I and group 4, Expt 2). However, subsequent analysis (Tables I and 2) showed that it was not so. That there was no simple relationship between the degree of atherosis and plasma triglyceride levels in the rabbits of Expt 2 is shown quite clearly in Fig. 5 . If the results presented in Fig. 5 can be said 4-42
to conform to any pattern at all, then it would seem that there is a vague tendency for aortic atherosis to be most severe in those rabbits with intermediate levels of triglyceride in the plasma. The findings of Wigand (1959) and Gottenbos & Thomasson (1961) also indicated that the degree of atheromatous degeneration of the aorta was poorly correlated with the level of triglyceride in the plasma of experimental rabbits.
Unesterzjedjutty acids. There would appear to be no correlation between the level of unesterified fatty acids in the blood and cardiovascular disease in man since Schrade et al. (1960) and Schrade et al. (1961) found that the levels of unesterified fatty acids in the serum of male patients with atherosclerosis were little different from the levels in the serum of a control group of normal malt: subjects.
The results for the individual animals in Expt 2 are not considered in detail since it is evident from Tables 2 and 3 that there was no relationship between the levels of unesterified fatty acids in the plasma and the degree of aortic atherosis. For instance, the lowest levels of unesterified fatty acids were found in the plasma of the rabbits in groups 4 and 5 (10.2 and 10-7 mg/roo ml respectively), yet the highest degree of aortic atherosis was observed in the rabbits of group 4 and the lowest in the rabbits of group 5.
Phosphol+id: cholesterol ratios. Ahrens & Kunkel (1949) produced evidence in favour of the existence of a relationship between the fixation of lipid in the intima and a decreased phospholipid: cholesterol ratio in the serum. The following year, Morrison, Gonzalez & Wolfson (1950) and Gertler, Garn & Lerman (1950) reported that the phospholipid: cholesterol ratio in the serum of norma'. persons was substantially higher than in the serum of patients with coronary atherosclerosis. Similar observations were made subsequently by Steiner, Kendall & Mathers (1952) and Oliver & Boyd (1953). It was of considerable importance to discover whether this relationship between cardiovascular disease and a lowered phospholipid : cholesterol ratio in the blood represented any real advance in the search for some measurable abnormality in blood composition that could be usefully employed to diagnose atherosclerosis in its early stages. This question was taken up by Jackson & Wilkinson (1952) who examined the composition of the plasma lipids in 102 normal individuals and in 140 patients suffering from a variety of diseases including essential familial hypercholesterolaemia, hypothyroidism and coronary artery disease. -4 highly significant correlation was found between the concentration of phospholipid and free cholesterol in the 242 plasma samples. This relationship could be represented by the equation logy = 0~6 4 8 l o g~+ 1~1 9 0 , where y = phospholipid concentration and x = free cholesterol concentration in mg/r oo ml plasma. No such relationship existed between phospholipid and total cholesterol. When the free cholesterol concentration was plotted against the phospholipid : free cholesterol ratio, a curve was obtained showing that an increase in the free cholesterol concentration 'was accompanied by a progressive decrease in the phospholipid : free cholesterol ratio until the latter value approached 2-00, after which it remained constant. Jackson & Wilkinson (19 j2) point out that this limiting phospholipid : free cholesterol ratio (by weight) corresponds approximately to a I : I molar ratio. Since the free cholesterol forms a relatively constant proportion of the total cholesterol in human plasma, Jackson & Wilkinson (19 j2) concluded that 'the average hypercholesterolaemia in such diseases as coronary
Plasma lipids and atherosis in the rabbit 443 sclerosis. . .can in itself explain the lower average phospholipid to total cholesterol ratios which have been reported'. Nevertheless, Steiner et al. (1952) found that the phospholipid: cholesterol ratio in the serum of a group of patients with coronary disease was considerably lower than that in the serum of a control group of normal individuals in spite of the fact that the total concentration of cholesterol in the serum of both of these particular groups was exactly the same. Although Wigand (1959) noted a marked correlation between the frequency and severity of the aortic lesions and the phospholipid: total cholesterol ratio in the serum of experimental rabbits it would seem more appropriate, particularly in view of the findings of Jackson & Wilkinson (1952), to examine whether the degree of aortic atherosis in the rabbits of Expt 2 was correlated with the phospho1ipid:esterified cholesterol ratio or with the phospho1ipid:free cholesterol ratio in the plasma. As may be seen from Fig. 6 , there was no obvious correlation between the degree of atherosis and the phospholipid: esterified cholesterol ratio. On the other hand, there was a significant correlation between the degree of aortic atherosis and the phospho1ipid:free cholesterol ratio in the plasma (Fig. 7) . The relationship between the degree of aortic atherosis (D) and the phospho1ipid:free cholesterol ratio (R) in the plasma may be described by a curve of the form I n fitting the curve, zero values for the degree of aortic atherosis ( D ) were omitted and the value of the limit K was estimated by iteration. The resulting regression was highly significant ( P < 0.001). Ilowever, estimates of the parameters of the curve differ significantly for the various diet groups and hence equation 3 can be regarded as only an approximate description of the relationship between D and R for any particular dietary treatment. Thus it would seem that, under the conditions of Expt 2, little or no atherosis occurred in the rabbits, irrespective of dietary treatment, when the phospholipid: free cholesterol ratio (by weight) in the plasma was greater than 2.0 or thereabouts. When the ratio fell below this value t i e degree of aortic atherosis increased markedly. I n spite of the fact that the severity of the lesions in the rabbits of Expt I was graded only semi-quantitatively, it would. seem that a similar relationship existed between the degree of aortic atherosis and i:he phospholipid: free cholesterol ratio in the plasma of the rabbits in this experiment (Fig. 8) . On the assumption that lecithin ( M 780) is the major phospholipid of rabbit plasma, a phospholipid: free cholesterol ratio (by weight) of 2.0 corresponds approximately to a I : I molar ratio (cf. Jackson & M'ilkinson, 1952). I n the experiments described here it is clear that a decreased phospho1ipid:free cholesterol ratio in the plasma of the rabbits was not merely a function of an increased cholesterol level. This is shown particularly well by commercial diet) are accepted as being normal, then the degree of hypercholesterolaemia observed for the rabbits of group 3 (given the 10% maize-oil-royo butterfat diet) was exactly the same as that observed for the rabbits of group 4 (given the highstarch diet). Nevertheless, this degree of hypercholesterolaemia was associated with an increased incidence of aortic atherosis in the rabbits of group 4 only when the rise in plasma cholesterol was not accompanied by a concomitant rise in plasma phospholipid. This finding is similar to that reported by other investigators in this field under quite different experimental conditions. Ladd, Kellner 8z Correll ( observed higher levels of plasma cholesterol but less severe atherosis in rabbits given a normal diet and intravenous injections of Tween 80 (polyoxyethylene sorbitan mono-oleate) than in rabbits given cholesterol in the diet but no intravenous injections of Tween 80. In the animals receiving Tween 80 intravenously but no dietary cholesterol the levels of phospholipid in the plasma were as high as or higher than the corresponding cholesterol levels, whereas in the animals receiving dietary cholesterol but no Tween 80 intravenously, the levels of phospholipid in the plasma were only about half the corresponding cholesterol levels. Ladd et aZ. (1949) found also that the intravenous injection of Tween 80 into rabbits given a diet containing cholesterol increased the level of phospholipid in the plasma and reduced the incidence and severity of atherosis in spite of a sustained hypercholesterolaemia. Duff & McMillan (1949) observed that the severity of atheromatous lesions in rabbits given a diet containing cholesterol and rendered diabetic with alloxan was much less than in normal rabbits receiving the same diet. The serum cholesterol levels were the same in both groups althoush a greater degree of visible lipaemia was noticed in the diabetic
